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Abstract
One year old bud-grafted plants of MnSOD transgenic Hevea lines (L1 and L2) and an untransformed line of clone RRII 105 were
used in the present study to evaluate their physiological performance in a dry sub-humid environment by withholding irrigation
and to assess the recovery by re-watering. The dry matter partitioning was more towards the root in transgenic lines (55% and
60% in Ll and L2, respectively) but, was less in the untransformed RRII 105 (43%). After six days of moisture stress in polybags,
pre-dawn leaf water potential and relative water content declined in all the lines, however, transgenic line L1 showed higher tissue
water content throughout the drought as well as recovery period. Chlorophyll content did not show any significant reduction.  Net
photosynthetic rate (PN) declined rapidly and it reached near zero on the third day of drought imposition except for line L1, which
showed lesser decline in PN. The decline in stomatal conductance (gs) was more rapid than PN in all the lines. On re-watering,
recovery of PN and gs was better in the transgenic lines than untransformed RRII 105, which did not recover fully from the drought
impact. Antioxidant enzymes, superoxide dismutase and peroxidase did not show a definite trend in their activities in these lines.
However, it was found that the transgenic line L1 had better drought tolerant capacity in terms of lesser inhibition of photosynthetic
rate under drought and faster recovery on re-watering.
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Introduction
The production and productivity of natural
rubber (Hevea brasiliensis) has to be increased
further to meet the world wide growing demands
of rubber based industry. Developing high yielding
rubber clones that come up well under the changing
climatic conditions is the only option to achieve
this goal by improving productivity. Clones with
increased tolerance to biotic and abiotic stresses are
the need of the hour, as increasing the acerage of
the crop will be difficult for want of suitable land.
Drought or water stress causes physiological
changes such as decrease in leaf water potential,
photosynthetic rate, stomatal closure, etc. which
results in the production of reactive oxygen species
(ROS) and inhibition of antioxidant systems in
plants (Mittler and Zilinskas, 1994). Of the
antioxidant enzymes, superoxide dismutase (SOD)
activity forms the first line of defence against ROS.
SOD is a family of metallo-enzymes which are
known to accelerate the spontaneous dismutation
of superoxide radical (O2-) to hydrogen peroxide(H2O2). Depending on the metal co-factor used by
the enzyme, SODs are classified into three groups:
copper-zinc SOD (Cu/ZnSOD), manganese SOD
(MnSOD) and iron SOD (FeSOD). Cu/ZnSODs are
cytosolic, chloroplastic or peroxisomal isoforms,
MnSODs are mitochondrial or peroxisomal
isoforms and FeSODs are chloroplastic isoforms
in nature (Leclercq et al., 2012).
Under the present scenario of rising
temperature due to climate change and depleting
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ground water levels, development of genetically
modified crops has come as a major tool to address
the harmful environmental. Different genes have
been successfully transferred into several crop
plants worldwide and over-expression of such genes
resulted in increased protection against biotic and
abiotic stresses (Gao et al., 2003; Prashanth et al.,
2008; Wang et al., 2010; Faize et al., 2011). Survival
of transgenic plants significantly improved in field
trials with sustainable yield, supporting the
hypothesis that tolerance to oxidative stress is
important in adaptation to adverse environments
(McKersie et al., 1996, 1999). Such studies give
an indication that over-expression of antioxidant
genes improves the stress tolerance potential of
economically important plants.
In an attempt to impart tolerance to oxidative
stress, the Rubber Research Institute of India (RRII)
has developed genetically modified Hevea plants
by over-expressing MnSOD gene through
Agrobacterium mediated genetic transformation in
clone RRII 105 (Jayashree et al., 2003). The
objective of the present study was to assess the
physiological performance of MnSOD transgenic
lines (L1 and L2) and an untransformed control
plants of RRII 105 for their tolerance to drought
under water deficit conditions in the North Konkan
region of Maharashtra state in India.
Materials and methods
Plant material and location
One year old bud grafted plants of
untransformed RRII 105 and MnSOD transgenic
lines (L1 and L2) developed at RRII, Kottayam were
used in this study. The plants were grown in polybag
containers filled with garden soil in a protected area
under natural conditions at Regional Research
Station, Dapchari, Maharashtra situated at 20°04′N
and 72°04′E with an elevation of 48 m above MSL.
The incident solar and UV-B radiations in the
location were recorded diurnally at hourly intervals
using a photo-radiometer, PMA 2200 (Solar Light
Co., USA). During the summer months (May-June)
of 2012, one set of plants (n=6) were irrigated daily
up to field capacity and another set of equal number
of plants was kept un-irrigated for six days. After
sixth day of drought treatment, the plants were
irrigated daily to study the extent of drought
recovery. Gas exchange and water potential
measurements in irrigated and water stressed plants
were done daily from the first day of withholding
irrigation, while, chlorophyll content index and
relative water content (RWC) of leaves were
measured on alternate days of drought period.  Leaf
samples were collected from a different set of same
plants on the third day of drought treatment,
preserved in dry ice and transported to RRII
laboratory, Kottayam for biochemical analysis.
Biomass partitioning and plant-water relations
Biomass partitioning in these lines were studied
by gravimetric measurements, taking 10 plants
randomly from each line and the dry weight of
leaves, petiole, stem, taproot and lateral roots were
recorded individually. Pre-dawn leaf water potential
(ψL) was measured at 6.00 am using a dew point
micro-voltmeter connected with C-52 sample
chambers using Psypro water potential system
(Wescor, USA). The leaf discs obtained by a paper
punch were put in the C-52 sample chamber. After
an equilibration period of 30 minutes, readings were
taken and the temperature correction of the values
was done using the correction factor. RWC was
determined by taking the fresh weight, turgid weight
and dry weight of leaf bits according to Barrs and
Weatherley (1962). RWC was calculated from the
following equation:
RWC = [(fresh weight - dry weight) / (turgid
weight - dry weight)] x 100
Gas exchange measurements
Gas-exchange parameters were measured
on fully mature leaves in the top whorl using a
Li-6400XT portable photosynthesis system (Li-Cor,
Lincoln, USA). The net photosynthetic rate (PN),
and stomatal conductance (g
s
) were recorded on
sunny days (08:00 to 10:00 hrs IST) at a light
intensity of 500 μmol m–2 s–1 provided by red and
blue light using a leaf chamber fluorometer attached
to the system, maintaining the CO2 concentration
at 400 μmol m–2 s–1 using a CO2 injector (Alam
et al., 2005). The leaf chlorophyll content index
(CCI) was determined with a chlorophyll meter
(SPAD-502, Minolta Inc., Japan) on mature, fully
expanded leaves.
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Biochemical analysis
Leaf samples were collected from each
treatment and triplicate samples were used for
enzyme assays and determining the lipid
peroxidation. Total superoxide dismutase (SOD)
and peroxidase enzymes were extracted from leaf
tissues by homogenizing with 50 mM phosphate
buffer pH 7.4. The extracts were centrifuged at
12,000 rpm for 20 min at 4 oC. Total SOD activity
was assayed by the method described by
Giannopolitis and Ries (1977). One unit of SOD
was defined as the amount of enzyme that produced
50 per cent reduction of nitroblue-tetrazolium
(NBT) under the assay conditions. Peroxidase
activity was determined according to the method
of Guilbault (1977). One unit of enzyme was
defined as the change in optical density (OD)
min-1mg-1 protein. Lipid peroxidation was estimated
by determining the malondialdehyde (MDA)
content in the leaf according to Heath and Packer
(1968). Leaf samples were homogenized in 0.1 per
cent trichloroacetic acid (TCA) and the homogenate
was centrifuged at 12,000 rpm for 20 min at 4 oC.
About 0.3 ml of supernatant was mixed with 1.2 ml
of 0.5 per cent thiobarbituric acid prepared in 20
per cent TCA and incubated at 95 oC for one hour.
After stopping the reaction in an ice bath, the optical
density was read at 532 nm and 600 nm. After
subtracting the non-specific absorbance at 600 nm,
MDA concentration was determined using the
extinction coefficient 155 mM-1 cm-1.
Data presented are mean of 4-6 measurements
and were subjected to analysis of variance
(ANOVA). Cropstat V7.2 was used for the statistical
analysis of data.
Results and discussion
The experiment was conducted during peak
summer season which was highly stressful to rubber
plants with soil moisture deficit, high temperature,
low humidity and solar radiation exceeding 2000
μmol m-2 s-1 around midday (Fig. 1). The incident
UV-B radiation was also on the higher side crossing
4.2 Wm-2 which is a matter of concern in this region.
The maximum and minimum temperatures during
the study period were 35-37 °C and 24-28 °C
respectively; relative humidity varied from 77 per
cent in the morning to 50 per cent in the afternoon
and the average sunshine hours was 10 hrs.
More dry matter in roots of transgenic plants
Both the transgenic lines (L1 and L2) showed
significantly high dry matter partitioning towards
the taproot. Partitioning to other parts of the plants
was similar in all the lines (Fig. 2). Dry matter
accumulation in the root system was 55 and 60 per
cent in lines L1 and L2 respectively, while it was
only 43 per cent in untransformed RRII 105. In other
words, the root:shoot ratio was 0.75 for
untransformed line, while it was 1.2 and 1.5 for L1
and L2, respectively. Under well irrigated condition
the root:shoot ratio in transgenic plants was higher
than untransformed RRII 105. During soil moisture
deficit condition, plants try to obtain water from
deep layers of soil, by enhancing its root system
which is a general adaptation strategy under stress
(Xu et al., 2010). Increased biomass accumulation
Fig. 1. Diurnal solar and UV-B radiations during a typical
summer period at Dapchari in Maharashtra in 2012
Fig. 2. Dry matter partitioning in different plant parts of
the transgenic lines (L1 and L2) and untransformed
RRII 105. Bars with same letter are not significantly
different from  each other, (P≤0.05) NS- non
significant
NS
a
a
b NS
NS
a ab b
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in the root under dry environments acts as a
defensive mechanism to overcome drought stress.
However, in the present study, since the rootstock
is raised from polycross seeds, it needs to be studied
whether the increased biomass allocation to root is
an inherent character of stock, or influenced by
genetic modification of scion.
Water relations in transgenic lines under
drought
Pre-dawn water potential showed a gradual
decline upon imposition of water deficit stress for
the initial three days and thereafter the rate of
decline was fast in all the lines (Fig. 3). Transgenic
moisture stress, tissue water potential and water
content are maintained close to the unstressed level,
either by increasing the water uptake or limiting
the water loss, so that, the rates of water uptake
and water loss remain balanced (Verslues et al.,
2006). In the present study, the transgenic plants
showed a certain degree of stable ψL and RWC on
the second day of drought treatment which can be a
short term adjustment to protect the water loss by
stomatal closure or by increased antioxidant
scavenging. When the drought progressed, a steady
decline in water content in the plant was noticed.
The tissue water status under drought was
significantly higher in the transgenic lines L1 and
L2 than untransformed control.
Variation in chlorophyll content
Chlorophyll content index (SPAD) declined
slightly in all the lines upon drought treatment.
Though transgenic plants L2 had higher chlorophyll
content throughout the study, there was no
significant variation in chlorophyll index among the
lines studied (Fig. 5). CCI is a non-destructive and
easy field level assay of leaf health. Significant
correlation was derived between CCI and actual
chlorophyll content in Hevea (Nair and Jacob,
2011). Smaller reduction in mid-day leaf water
potential, effective quantum yield of PS II and
photosynthetic oxygen evolution in transgenic line
L1 were reported after withholding irrigation for
two weeks in the traditional region (Jayashree et al.,
Fig.  3. Pre dawn leaf water potential values of the
transgenic lines (L1 and L2) and untransformed
RRII 105 during 6 days of moisture stress
line L1 maintained better ψL from the second day
of drought imposition till sixth day of moisture
stress. Decline in water potential was more in the
untransformed plants. However, after third day of
re-watering, all the lines showed recovery of water
potential to the initial level. Drought stress reduced
RWC in all the lines. RWC was in the range of 84
to 87 per cent in the irrigated plants and after six
days of moisture stress the water content in the
leaves reduced to 62-68 per cent indicating
moderate to severe stress (Fig. 4). Decline in RWC
was comparatively lesser in L1 (22%) than L2
(25%) and RRII 105 (27%). In plants, a decrease in
ψL can be an indication of decrease in available soil
moisture or incidence of drought. Under moderate
Fig. 4. Relative water content of the transgenic lines (L1
and L2) and untransformed RRII 105 at 0, 2, 4 and
6 days of moisture stres
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2011). In the present study, the plants showed
symptoms of drying after six days of moisture stress,
indicating the severity of the stress aggravated by
high temperature, high light and high vapour
pressure deficit mediated atmospheric drought. The
rapid development of drought may be the reason
for the low response obtained in chlorophyll
content, which take longer time for responding to
stress condition, unlike gas exchange parameters.
Recovery of CO2 assimilation and stomatal
conductance
A progressive decline was observed in CO2
assimilation with water stress. Under irrigated
condition, untransformed RRII 105 had the highest
PN compared to the transgenic lines (Fig. 6).
Photosynthetic rate reached near zero after three
days of moisture stress in L2 and RRII 105; whereas
the rate of decline in PN was slow in L1 and reached
zero only on the fifth day of imposing moisture
stress. After six days of water stress, re-watering
mediated recovery was better in the transgenic lines,
which reached near control values in transgenic
plants after three days of re-watering. The
untransformed RRII 105 showed a slow rate of
recovery and the PN recovered only 27 per cent after
re-watering for three days. Similarly, the stomatal
conductance (g
s
) also showed a decline under
moisture stress (Fig. 7) and the decline was less in
L1 compared to L2. After 5 days of moisture stress,
g
s 
reached near zero and the rate of decline was high
in RRII 105. On re-watering, the transgenic lines
showed better recovery rates of g
s
 compared to the
untransformed RRII 105 plants.
 Decline in photosynthesis under drought stress
is well documented in plants. A combination of
water stress, high temperature, increased
atmospheric VPD, nutrient depletion, high
irradiance, etc. can limit the photosynthetic capacity
of plants (Flexas et al., 1999). Decreased CO2
diffusion from the atmosphere to the site of
carboxylation is generally considered as the main
cause for decreased photosynthesis under mild to
moderate water limitation (Flexas et al., 2004;
Grassi and Magnani, 2005; Chaves et al., 2009). In
Fig. 5. Chlorophyll content index of the transgenic lines
(L1 and L2) and untransformed RRII 105 at 0, 2, 4
and 6 days of moisture stress
Fig. 6. Photosynthetic rate (PN) of the transgenic lines (L1
and L2) and untransformed RRII 105 during six
days of drought stress and recovery after re-
watering for 1-3 days (R1-R3)
Fig. 7. Stomatal conductance (g
s
) in the transgenic
lines (L1 and L2) and untransformed RRII 105
during six days of drought stress and recovery
after re-watering for 1-3 days (R1-R3)
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transgenic tobacco and potatao, over-expression of
chloroplast Cu/Zn SOD showed improvement in the
photosynthetic performance under chilling stress
(Sen Gupta et al., 1993; Perl et al., 1993). Full
recovery of net photosynthetic rate has been
observed while withdrawing the drought stress by
re-watering in perennial grass ecosystem. It has been
shown that re-watering almost completely nullified
the difference between drought-treated and the
control plants, which showed significant drop in
light saturated net photosynthetic rate (Xu et al.,
2009). Stomatal closure is an immediate response
of the plant to soil moisture stress. In the present
study, g
s
 reduced by 42 per cent in L1, 30 per cent
in L2 and more than 62 per cent in untransformed
RRII 105 in just 24 hours of withholding irrigation.
Stomatal closure reduces the availability of CO2 for
carbon reduction, leading to the formation of ROS
owing to excess electrons generated in the light
reactions. Therefore, scavenging mechanisms that
reduce the level of oxidative stress may be an initial
step in plants to overcome drought effects.
Antioxidant defense
Increased SOD activity was observed in the
transgenic line L2 under irrigated and drought
conditions, whereas, L1 and untransformed RRII
105 showed comparable activity (Table 1) under
drought condition. Peroxidase activity was, in
general, low in irrigated and drought imposed
transgenic plants but it increased in untransformed
RRII 105 under drought condition. In the transgenic
line L1, drought treatment did not induce any
change in the level of peroxidase activity, and there
was a decline in peroxidase activity in line L2. Lipid
peroxidation was comparatively more in line L2
(5.31 µmol MDA g-1 fw-1) than L1 (3.20 µmol MDA
g-1 fw-1) and in untransformed RRII 105 (1.84 µmol
MDA g-1 fw-1) under drought condition.
The assay of antioxidant scavenging enzyme
activities in the leaves of transformed and
untransformed plants showed variations, three days
after drought treatment. Similar to our observations,
Leclercq et al. (2012) did not find any over activity
of SOD in relation with over-expression of
HbCuZnSOD gene in Hevea. They also noted varied
activity of antioxidant ezymes under water deficit
in the transgenic lines though the relative transcript
abundance was stable and reproducible. Increased
lipid peroxidation in transgenic lines can be due to
increased H2O2 accumulated, which were not
effectively scavenged by the peroxidase in the plant
system. Slooten et al. (1995) reported tobacco
transgenic plants over-expressing MnSOD rendered
enhanced tolerance to oxidative stress only in the
presence of other antioxidant enzymes and
substrates, highlighting that the genotype and the
isozyme composition also have a profound effect
on the relative tolerance of the transgenic plants to
abiotic stresses. Faulty function of the antioxidant
gene products, the physiological targets studied, the
severity of the stresses imposed, and/or the plant
systems used, are also attributed for the low
response of transgenic plants to a specific stress
situation for which they were developed (Van Camp
et al., 1996). Bowler et al. (1991) reported sub-
cellular locations like chloroplastic, mitochondrial,
cytoplasmic etc. are likely to play a major role in
determining effects, whether positive or negative,
as a result of SOD overproduction.
Conclusion
The physiological performance of transgenic
lines was better than the untransformed RRII 105
in terms of water relations and photosynthetic
parameters during drought and drought recovery
period. Among the transgenic plants, line L1 was
found relatively better performing under drought
conditions. However, the drought tolerance
Table-1. Antioxidant enzyme activities and lipid peroxidation in irrigated and drought stressed (3 days) plants of transgenic
lines (L1 and L2) and untransformed RRII 105
Line SOD (units) Peroxidase (units) MDA (µmol g-1 fw-1)
Control Drought Control Drought Control Drought
L1 3.12±0.39 2.58±0.24 0.84±0.50 0.89±0.05 2.12±0.40 3.20±0.80
L2 5.38±0.39 6.17±0.71 0.52±0.04 0.28±0.03 2.84±0.23 5.31±1.01
RRII 105 3.63±0.36 2.88±0.50 0.33±0.03 0.77±0.05 1.56±0.05 1.84±0.20
± Standard error (n=5)
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potential of transgenic plants should be further
ascertained in actual field conditions.
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